Optical excitations of BiTeI with large Rashba spin splitting have been studied in an external magnetic field (B) applied parallel to the polar axis. A sequence of transitions between the Landau levels (LLs), whose energies are in proportion to √ B were observed, being characteristic of massless Dirac electrons. The large separation energy between the LLs makes it possible to detect the strongest cyclotron resonance even at room temperature in moderate fields. Unlike in 2D Dirac systems, the magnetic field induced rearrangement of the conductivity spectrum is directly observed.
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PACS numbers:
Helical Dirac electrons have recently attracted much attention in the field of spintronics owing to their interlocked spin and translational momentum [1] [2] [3] . The materials with these massless electrons can work as a spin-polarized current generator, and hence may find applications also in the field of spin-optoelectronics [4] [5] [6] . The criteria for the emergence of such a helical Dirac cone are the lack of inversion symmetry and the presence of spin-orbit coupling; they are fulfilled most typically for the surface electronic states of the topological insulators as confirmed by recent experiments [7, 8] .
One of the most intriguing phenomena related to massless electrons is their unusual dynamics in an external magnetic field which was first observed as a halfinteger shift of the quantum Hall plateaus of graphene [9, 10] . This result was interpreted in terms of the unique Landau level (LL) spectrum of Dirac fermions: E ±N =±v F √ 2e BN , which has a magnetic field independent level at E 0 =0 in the presence of electron-hole symmetry. Here v F is the Fermi velocity, e is the electron charge, and is the Planck constant divided by 2π. The energy levels have a square root dependence on both the external magnetic field B and LL index N , which is in stark contrast to the usual linear B and N dependence of parabolic bands, as it was confirmed by tunneling [11] and infrared spectroscopy [12] [13] [14] in graphene. Moreover, the Fermi velocity v F was determined accurately by these techniques. Another fingerprint of the Dirac electrons is that the electromagnetic radiation can induce several transitions between the unequally spaced LLs governed by the selection rules: ±N →±|N ±1| [12, 13] . However, the LL quantization of electronic states on a nondegenerate, helical Dirac cone has thus far only been demonstrated on the surface of topological insulators [15] [16] [17] . In this Letter, we report the LL spectroscopy of massless Dirac electrons arising from Rashba spin split bands. The giant Rashba-type spin splitting in BiTeI [18] enables us to detect a sequence of LL transitions of the quantized massless Dirac cone in a bulk material for the first time.
The non-centrosymmetric crystal structure of BiTeI (P3m1), shown in Fig. 1(a) , consists of alternating stacks of Bi, Te and I layers. According to recent angular-resolved photoemission spectroscopy (ARPES) [18] [19] [20] [21] , optical spectroscopy [22, 23] , magneto-transport [24, 25] studies and relativistic first-principles calculations [26, 27] , the polar structure and the large spin-orbit interaction give rise to giant Rashba-type spin splitting in the bulk conduction and valance bands of this material ( Fig. 1(c) ). In the vicinity of the Dirac point, which is the intersection of the spin-polarized conduction bands protected by time-reversal symmetry, the in-plane energymomentum dispersion and the spin texture are approximated by a simple Rashba model:
where m * ≈0.09m o is the effective mass in the unit of the free electron mass m o , α is the Rashba parameter,ẑ is the unit vector parallel to the [001] direction, p and σ are the momentum and the spin operators, respectively. The second term, responsible for the momentum k-linear dispersion as well as for the spin splitting, leads to the appearance of the helical Dirac cone in BiTeI as in topological insulators [28] . The bulk band structure parameters, the Rashba parameter α and the effective mass m * of the Rashba model, are taken from the relativistic first-principles calculations of M.S. Bahramy et al. [26] which are consistent with a broad variety of experiments: ARPES [18, 19, 29] , optical spectroscopy [22, 23] and Shubnikov-de Haas oscillations [25] opening angle of the cone can be modified more easily either by tuning the spin-orbit interaction or by varying the asymmetry in the potential, as observed in a series of sister compounds BiTeX (X=I, Br, Cl) [29] .
When an external magnetic field is applied along the polar axis, the in-plane motion of the electrons becomes quantized to form LLs. Following E. I. Rashba [30] , the spectrum of the LLs can be calculated using the band structure parameters of BiTeI as shown in Fig. 1 (e). The electron dispersion along the z direction (not indicated in the figure) alters the δ-function like anomalies in the density of states to the ∼1/ √ E van-Hove singularities without changing the position of the resonances [30] . Since in BiTeI the Rashba energy
F ∼113 meV is much larger than the cyclotron frequency ω c = eB m * (∼1.3 meV for B=1 T) in the present experimental field range, the energy spectrum for the LLs with low index (N ) is dominated by the contribution of the massless Dirac electrons:
, where the Zeeman effect is neglected. Furthermore, the spin-orbit coupling mixes the spin states and the cyclotron orbits, which leads to a completely spin-polarized 0 th LL and electric-dipole allowed inter-LL transitions accompanying spin flip [30, 31] . Such a combined resonance has been observed in semiconductors with large spin-orbit coupling, e.g. InSb [32] . The selection rule for the optical excitations between the LLs in the Rashba model is identical to that known for Dirac systems: ±N →±|N ±1|. Therefore, when the Fermi energy is close to the Dirac point, the inner Fermi surface electrons of a Rashba system with large spin-orbit coupling follow the same lowenergy dynamics as helical Dirac electrons up to moderate magnetic fields. The major optical transitions at B=5 T expected in the vicinity of the Dirac point are plotted in Fig. 1(e) .
Optical experiments were performed on the cleaved ab-plane of BiTeI single crystals which were grown by the Bridgman method (details are given elsewhere [18] ). Near-normal incidence reflectivity was measured at various temperatures in the energy region E=0.024-0.85 eV.
To perform an accurate Kramers-Kronig analysis, the reflectivity spectra at zero field and room temperature were measured up to 40 eV with use of synchrotron radiation at UV-SOR, Institute for Molecular Science, Japan [33] . The intensity ratio of the infrared spectra at finite and zero magnetic field was measured with a Fourier transform infrared (FT-IR) spectrometer coupled to a roomtemperature bore magnet (Oxford Microstat BT) in the Faraday geometry where both the magnetic field and the light propagation direction were parallel to the c-axis. The small magnetic field dependence of the baseline in the reflectivity ratios were taken into account by normalizing the spectra in the featureless energy region above 170 meV [33] . Optical conductivity spectra were obtained from the absolute reflectivity spectra by Kramers-Kronig transformation.
The position of the Fermi energy for the sample used in the present study was determined and the band structure parameters were verified from the optical conductivity spectra measured at T=10 K ( Fig. 1(d) ). In agreement with the former optical studies [22, 23] , below the band gap (γ-transition) we observed a broad continuum of the intra-band excitations in addition to the Drude peak of free carriers dominating the lowest energy range. This broad hump accompanied by the van Hove singularity features (α and β, see Fig. 1(c) ) is characteristic of the intra-band excitations within the spin-split Rashba bands allowed by the strong spin-orbit coupling. The Fermi energy, estimated from the energy of the α-transition (E α ), is E F =E α /2≈30 meV above the Dirac point. This value is in accordance with the carrier concentration, n∼4×10
19 cm −3 , deduced from the measured Hall coefficient.
Magnetic-field dependent oscillations were observed in the reflectivity spectra at T =10 K as plotted relative to the zero field spectrum in Fig. 2(a) . To determine the energy of the transitions between the LLs, the field induced changes in the optical conductivity spectra were calculated by the Kramers-Kronig transformation. First, we analyze the relative optical conductivity spectrum measured at B=5 T (see the topmost curve of Fig. 2(b) ). Three peaks can be clearly discerned in the spectrum and assigned to the lower-energy inter-LL transitions as shown in Fig. 1(e) . These excitations cannot be attributed to the weak dielectric response of surface states since the corresponding changes in the relative reflectivity spectra, mostly appearing below the plasma edge E pl ≈110 meV, are as large as 4% in B=5 T [33] . The magnitude of the magneto-reflectance oscillations is rather comparable to that of detected for the bulk inter-LL transitions in elemental bismuth [34] . Furthermore, the inter-LL transitions involving the low-index LLs can be detected only when the Fermi-energy is close to the Dirac point, which is the case for the bulk states of the present sample. Since the Dirac point of the surface states is shifted by ∼ ±250 meV from the bulk Fermienergy at either the I or the Te terminated surfaces [20, 29] , the observed excitations can only be assigned to the bulk electronic states. Theoretically, the parabolic feature of the band structure is expected to cause a splitting proportional to the cyclotron energy, ± ω c for the transitions -N →N +1 and -N -1→N , and ± 1 2 ω c for the excitations 0→+1 and -1→0. The transition with the lowest energy, 0→+1 at B=5 T, is always non-degenerate because of Pauli blocking. However, no parabolicity-induced splitting was observed in the present experiment even for the higher energy peaks. This may indicate that the k-linear dispersion around the Dirac point is more robust in BiTeI compared to the prediction of a simple Rashba model, which is also supported by the results of first-principles calculation (see and compare thin dashed and thick solid lines in the right panel of Fig. 1(e) ). The detailed magneticfield dependence of the optical conductivity spectra is shown in Fig. 2(b) . The inter-LL transitions were observed above B>1.5 T; with increasing magnetic field all the resonances shift toward higher energies and their oscillator strengths increase as expected.
Although the line shape of the relative conductivity spectra cannot be simply decomposed to a sum of Lorentzians, the positions of the three maxima are identified as the resonance energies, which are plotted as a function of the external magnetic field in Fig. 3 . All the three branches can be well fitted with √ B field dependence (see colored lines in Fig. 3) . The Fermi velocity v (exp) F
=5.35×10
5 m/s, deduced from the 0→+1 transition, is about ∼80% of the velocity calculated from the Rashba parameter. However, the Fermi velocity derived directly from the first principles calculations, v (calc) F
=5.3×10
5 m/s is in good agreement with the value observed in the present experiment, implying that the electron dispersion can be described by the massless Dirac electron model in even a wider energy and magnetic field range. The fitted curves scale as 1:2.58:3.40, respectively, which is close to that expected for the ratio of the inter-LL transitions in a Dirac system; 1:
The agreement is even better between the experiment and the theory when the resonance energies of the second and the third modes are compared; 1.32 (experiment) and
≈1.30 (theory), respectively. Nonlinear magnetic field dependence of the LL resonances, as affected by non-parabolicity due to the strong spin-orbit interaction, were observed e.g. in the semiconductor InSb [32] , and in the semimetal Bi and Bi 1−x Sb x [32, 34] with massive Dirac electrons [7] .
However, such a sequence of LL transitions characteristic of massless Dirac electrons as observed here has not been reported in bulk materials so far. As compared with the inter-LL excitation energy calculated by the Dirac model assuming v (calc) F
5 m/s (light gray lines in Fig. 3 ), a small deviation to higher energy is discerned for the second and the third modes. The negative components (around ∼75 meV and ∼130 meV) in the relative optical conductivity spectra may explain such a slight discrepancy, since they can cause the apparent shift of the maximum position from the transition energy. According to the sum rule for the optical conductivity, the integral of magnetic field induced changes over the entire spectrum should be zero. Thus, the accumulation of the spectral weight around the inter-LL transitions should be accompanied by negative regions in the relative optical conductivity, which was readily observed in Fig. 2(b) and Fig. 4(a) . The reduction of the spectral weight is most appreciable, exceeding 40% of the intraband transitions, around ∼75 meV at B=5 T, where the α-and β-transitions between the Rashba spin-split bands dominate the absorption in zero magnetic field. Such a significant spectral weight transfer from the excitations of bulk electronic states [22, 23] further supports the presence of bulk Dirac electrons. The Drude weight, which arises from both the inner and outer Fermi surfaces, is also expected to be transferred to the inter-LL transitions, but it was not observed here because of experimental limitations of the energy window. Contrary to the case of a usual parabolic band where only the Drude weight is transferred to the cyclotron resonance, the spectral weight of excitations between the LLs in BiTeI is likely to originate from the intraband transitions within the Rashba spin-split bands. 
FIG. 4. (color online). (a)
The relative optical conductivity in B=5 T (black curve) and the zero-field optical conductivity spectrum after the subtraction of the Drude part (red curve). The spectral weight transfer to the inter-LL excitations leads to strong suppression of the intra-band spin-split transitions around ∼75 meV. (b) Temperature dependence of the relative optical conductivity spectra in B=5 T. The cyclotron resonance 0→+1 was observed even at room temperature. The inset shows the temperature dependence of the maximal value ∆σmax (around 40 meV) of the magneto-conductivity.
The temperature dependence of the magnetoconductivity spectra is shown in Fig. 4(b) . No considerable change in the conductivity spectra was discerned as the temperature increased from 10 K up to 100 K owing to the large energy separation between the LLs. Towards elevated temperatures, the magnitude of the transitions smoothly decreases and the peaks become broader; however we can observe the 0→+1 transition even at room temperature. These temperature-robust features are also indicative of the Dirac LL structure, as previously observed in graphene [14] .
In conclusion we have studied the LL spectrum of the Rashba semiconductor BiTeI by infrared spectroscopy. A sequence of inter-LL transitions characteristic of massless Dirac electrons are observed when the Fermi energy is located in the vicinity of the Dirac point. The helical spin-polarization of such a non-degenerate Dirac cone in a 3D material makes BiTeI a promising candidate to
